Two to 4 mM 5'-adenosine monophosphate (AMP) caused a 28% inhibition of the ATPase activity of a crude "fibrillar" contractile protein preparation isolated from porcine vascular smooth muscle. This effect was absent in highly purified Ca 2+ -insensitive actomyosin extracted from carotid arteries as well as a Ca 2+ -dependent actomyosin preparation. Inorganic phosphate (P,) caused no inhibition of ATPase activity in either actomyosin preparation, but 4 ITIM P, produced a slight depression in ATP hydrolysis of the crude fibrillar proteins. Superprecipitation of actomyosin remains unaffected by additions of either 4 DIM Pj or 4 DIM AMP to the purified protein solutions. The effects of P, and AMP in combination were additive in the fibrillar system. However, the combination of the two agents had no effect on the ATPase activity of the two actomyosin preparations. These results indicate that concentrations of P s and AMP which might be produced under physiological conditions have no direct inhibitory action on the vascular smooth muscle actin-myosin interaction.
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vascular smooth muscle actomyosin myofibrils ATPase activity superprecipitation metabolic autoregulation • Guyton et al. (1) suggested that autoregulation of blood flow could be a consequence of changes in the concentration of oxygen-linked metabolites within the vascular smooth muscle cell which alter the contractile state of the cell. Honig (2) reported that inorganic phosphate (Pi) and 5'-adenosine monophosphate (AMP) individually and synergistically inhibited the rate of ATP hydrolysis by "myofibrils" and actomyosin (myosin B) isolated from turkey gizzard smooth muscle. Since ischemia produced an increase in Pi and AMP concentrations in turkey gizzard, Honig (2) postulated that low oxygen tension may cause a rise in Pj and AMP concentrations in the smooth muscle of precapillary sphincters. An inhibitory effect of these agents on the contractile proteins would lead to relaxation and an increase in Received November 6, 1970 . Accepted for publication January 26, 1971. local blood flow, and thus provide a mechanism for metabolic autoregulation. This hypothesis is attractive since Honig has found an inhibitory effect of AMP and P ( on the ATPase activity of contractile proteins isolated from vascular smooth muscle (3), and this tissue normally has much higher AMP and P s contents than other types of muscle (4, 5). However, the role of contractile protein regulators other than calcium ions in the normal function of vascular smooth muscle remains uncertain (6). The experiments described below were undertaken to evaluate the action of AMP and Pi on the ATPase activity and superprecipitation of a variety of contractile protein preparations isolated from the smooth muscle of hog carotid arteries.
Methods and Materials

PROTEIN PREPARATIONS
Three contractile protein preparations differing in their purity were isolated from hog carotid arteries. 1 (a) A crude "fibrillar" preparation 435 containing the Ca 2+ -sensitizing factors plus a variety of other ATPases, presumably of cell membrane, microsomal or mitochondrial origin and fibrous structural proteins (7) . Five mM sodium azide inhibited 57% of the total ATPase activity of this preparation although it does not affect the contractile protein activity (7). Calculated values for the contractile protein ATPase activity (measured in the presence of 5 mM NaN 3 ) are relatively low due to the large amounts of contaminating protein present (7). This preparation is roughly comparable to the turkey gizzard myofibrils described by Honig (2). (b) A Ca 2 + -dependent actomyosin was prepared by a method only slightly modified from that of Sparrow et al. (8) . An increase in Ca2+ from 1CH to 10"5M produced a two-to eightfold increase in the magnesium activated ATPase activity of this preparation, (c) An extensively purified actomyosin preparation lacking the Ca 2 + sensitizing proteins. This preparation resembles conventionally prepared actomyosin from skeletal muscle with respect to the small effects of NaN 3 on ATPase activity and the degree of myokinase contamination (9). Protein concentrations were estimated by the micro-Kjeldahl method on the basis of 16% nitrogen content.
ATPase ACTIVITY DETERMINATIONS
Reaction mixtures contained 10 mM MgCU, 17.5 mM morpholinopropane sulfonic acid (MOPS, pH 7.0 at 37°C), 0.1 mM CaCl,, and 1 mM ATP. The ATP concentration added in the presence of 10 mM MgCl, resulted in a free ATP ion concentration sufficiently low to have little inhibitory effect on the enzymatic activity (7) and to avoid blocking any response to AMP or P, (3). Protein concentrations varied depending on the preparation employed: 0.6 mg Ca 2+ -insensitive actomyosin/ml, 0.3 mg Ca 2+ -dependent actomyosin/ml, and 1.0 mg "fibrils"/ml. KC1 concentrations were adjusted to give a total ionic strength of 0.1, taking into account all ion additions including P, and AMP and the major ionic complexes formed. The Ca 2+ -dependent actomyosin and fibrillar preparations also contained 5 mM NaN 3 and 0.5 mM dithiothreitol (Cleland's reagent). All reactions were run as time courses and stopped by the addition of 1 or 2 volumes of 5% trichloroacetic acid.
ATPase activity was calculated on the basis of inorganic phosphate liberation measured by the method of Rockstein and Herron (10) . Two criteria must be met if a P, analysis is used to measure ATPase activity, (a) The method must be able to accurately detect P j increases resulting from ATP hydrolysis amounting to about 1% of the total P5 present; and (b) the total phosphate (added P | + P j released) must be within the Circulation Research, Vol. XXVIil, April 1971 range of concentrations where the method produces a linear calibration curve. The solid line in Figure 1 represents the phosphate calibration curve in our assay. The highest concentration of added phosphate used in these experiments was 4 mM and required a 60-fold dilution of the sample to be safely within the linear portion of the calibration curve. The lower edge of the open square on the calibration curve ( Fig. 1 ) marks the absorbance produced by a 60-fold dilution of the highest P| concentration used. A concomitant 60-fold dilution of the P, liberated by ATPase activity means the additional absorbance will be very small and the maximum value under our conditions is indicated by the upper edge of the square. Two special techniques were employed to accurately measure the extra phosphate liberated. (a) Absorbance measurements were made with a dual beam spectrophotometer (Hitachi 124), and the reference cuvette contained a blank solution with a P j concentration equal to that added to the test sample. This effectively canceled the absorbance due to added P,. (b) The change in absorbance produced by Pj liberation was recorded (Hitachi-Coleman 124) after a tenfold amplification of the spectrophotometer output.
The insert in Figure 1 shows an actual recorder tracing of an experiment performed in the presence of 4 mM P j . The absorbance of the sample taken 4 minutes after starting the reaction compared with a reference solution containing an equal concentration of added phosphate after dilution was recorded for 15 seconds. This process was then repeated for samples taken at later time intervals. The recorded absorbance shows some noise. Therefore, the midpoint of the recording was visually estimated and absorbances resulting from P t liberation could be plotted as a function of time. The use of automatic pipettes and diluters (Labindustries) in the P] assay for both reference and test samples was essential for the required repeatability. The accuracy of this method was demonstrated by linearity of the time course plotted for ATP hydrolysis in all experiments. In experiments involving the addition of AMP alone, such radical dilution was not necessary. Consequently, P, liberated in these reaction mixtures, along with their respective controls, was determined after a fourfold dilution and read directly off the spectrophotometer. 0.1 HIM CaCl 2 . In some experiments using Ca 2 +dependent actomyosin, the CaCl 2 was replaced with 1.0 mi ethyleneglycol bis (/3-aminoethylether)-N,N'-tetraacetic acid (EGTA) to reduce the calcium ion concentration to less than 10~8M. KCl concentration was adjusted to give an overall ionic strength of 0.1. A small motor-driven stirring device ensured adequate mixing and reproducible superprecipitation responses (11).
Results
A 28% depression (P < 0.001) in the ATPase activity of the crude fibrillar preparation was produced by 4 HIM AMP (Fig. 2) . The slight depression in activity produced by 4 HIM Ps was not significant (0.1 < P < 0.2) when subjected to the rather insensitive Student's ttest for paired data. However, by drawing six values at random from the results of the control, added P i , added AMP, and added AMP + Pt experiments (Fig. 2) , a 2 by 2 factorial experiment was generated and an analysis of variance performed on these data (Table 1) . This more sophisticated analysis indicates that the slight inhibitory effect of 4 mM Pi on the fibrillar protein preparation is significant. Table 1 also clearly shows that synergism or interaction between these two agents at the concentrations used is absent. The small Pj inhibition and the larger AMP depression are simply additive. In the presence of 4 mM P^ only AMP concentrations of 2 mM or more led to significant fibrillar ATPase activity inhibition (Table 2) .
Neither 4 mM AMP nor 4 mM Pj had significant actions on the ATPase activity ( Fig. 3) or superprecipitation (Fig. 5, bottom graph) of the Ca 2+ -dependent actomyosin. Pi and AMP concentrations up to 4 mM individually or in combination had no effect on the Mg 2 + -activated ATPase activity of the highly purified actomyosin lacking the Ca 2 + -sensitizing proteins (Fig. 4) . Figure 5 (top graph) demonstrates the absence of any Pi inhibition on the superprecipitation of Ca 2+ -insensitive actomyosin.
Discussion
Product inhibition of contractile protein ATPase activity is well documented (12, 13) and a small effect of Pi and AMP would not be unexpected in these experiments. AMP (1 mM) causes a modest depression (12 to 20%) of skeletal muscle myosin ATPase activity (14). The 28% reduction in the arterial fibrillar ATPase activity produced by 4 mM AMP is comparable with the 35% reduction reported by Honig (2) for turkey gizzard myofibrils. Although we observed a 10% reduction in fibrillar ATPase activity in the presence of 4 mM Pj, we did not confirm the large (70%) Pi inhibition and synergism between the effect of Pi and AMP (2). Honig also reported that Circulation Research, Vol. XXVlll, April 1971 actomyosin isolated from turkey gizzard (2) or arterial smooth muscle (3) shows a marked inhibition of ATPase activity by AMP or P t and that the two acting together have more than additive effects. Thus, our results differ in two major respects: (a) the virtual lack of Pi inhibition in both the crude fibrillar and the actomyosin preparations and (b) the lack of an effect of AMP on purified actomyosin preparations. Three possible explanations may account for the inhibition seen by Honig in both the actomyosin and myofibrillar preparations and the absence of such inhibition in our purified actomyosin preparations. 1. The ATPase activity inhibited by P, or AMP may arise from sources other than the actin-myosin interaction. The control rate of ATP hydrolysis (-0.2 /xmoles Pi/mg . min) reported (2) for the gizzard myofibrillar preparations seems excessively high. The arterial "fibrils" used in the present study had a lower specific activity than the actomyosin preparations, as would be expected since they contained other proteins, including contaminating ATPases. About one-half the total activity was inhibited by addition of 5 mM azide (7). Although Honig (2) saw no inhibition of his preparation when 0.5 mM azide was present, the concentration of this inhibitor may have been too low.
2. AMP-sensitive smooth muscle actomyo- (2). Arterial smooth muscle actomyosin obtained by such a procedure would contain the socalled extraglobulins and other contaminants which greatly modify the properties of this protein (15). 3. Even the highly purified Ca 2 + -insensitive actomyosin preparation had a small myokinase contamination which is adequate to maintain about 60% of the normal low ATPase activity of this preparation in the presence of ADP (9). Depending on the equilibrium established between ADP and ATP + AMP by arterial myokinase, various artifacts could arise in experiments involving AMP. Depletion of ATP or the ADP produced might have inhibitory effects on the enzyme. These artifacts did not occur in our experiments because all reactions were shown to be linear with time.
Our studies suggest that neither P s nor AMP have direct inhibitory actions on the actin-myosin interaction in vitro. This is not to say that these agents play no indirect role in actin-myosin interactions in situ. The inhibitory effects of AMP on the crude fibrillar preparations seen both in our own and Honig's experiments (2) may be indicative of such a role. However, the validity of such an interpretation would depend on evidence excluding other explanations outlined above. The reported values for AMP contents of metabolically inhibited smooth muscle (2, 4, and 5) probably correspond to AMP concentrations below those needed to inhibit arterial fibrillar ATPase activity in our studies. In the absence of significant additional effects of P|, our data provide little support for the hypothesis that AMP could act as an oxygenlinked metabolite involved in metabolic autoregulation by virtue of an inhibitory effect on contractile protein ATPase activity.
